dimeric shape of NS1 (Fig. 1b) . Each monomer of the β-ladder domain is composed of 9 β strands on one face and residues that lack a well-defined secondary structure on the other face. The latter is commonly referred to as the "spaghetti loop" region (Akey et al. 2014) . Oligomerization of NS1 is observed in all flaviviruses and the dimeric form of this protein appears to play a role in flavivirus virulence. Studies with Kunjin and Murray Valley encephalitis viruses have demonstrated that a single amino acid substitution at residue 250 from proline to leucine (P250L) is critical for loss of NS1 dimerization (Hall et al. 1999; Clark et al. 2007) . Additionally, according to these reports, the P250L mutation is correlated with retarded virus growth and reduced virulence in mice.
Structurally, residue P250 is located on the "spaghetti loop" region of the β-ladder domain, which lies beneath the β-sheet structure (Fig. 1c) . This residue is not part of the dimer interface. It is thus quite intriguing that this mutation alone is sufficient to prevent dimerization. We hypothesize that this mutation triggers a chain of events leading to conformational changes in the dimer interface. Due to the high degree of sequence similarity between the NS1 proteins among the flaviviruses (Mackow et al. 1987; Deubel et al. 1988 Deubel et al. , 1989 Wright and Cauchi 1989) , it is likely that the experimental observations found for Kunjin and Murray Valley encephalitis viruses hold also for other members. Taking this into account, we concentrated our efforts on investigating the impact of the P250L mutation on the structure of DENV2-NS1 protein using molecular dynamics (MD) simulations.
We have carried out 100-ns MD simulations considering systems composed of either the native (WT) or the mutated NS1 β-ladder monomer. Figure 2a shows the root-meansquare deviations (RMSD) calculated considering the backbone atoms of the WT and P250L monomers with respect to the crystal structure (Akey et al. 2014 ). The WT simulation converged to a RMSD value of ∼0.11 nm after ∼0.3 ns and remained stable throughout the entire simulation, while the P250L simulation exhibited an accentuated increase of its RMSD value after ∼5 ns stabilizing at a deviation of ∼0.15 nm. These data indicate important structural changes induced by the mutation. In order to visualize the regions Fig. 1 Three-dimensional illustration of the NS1 dimer and its domains. The coordinates were extracted from the DENV2 NS1 crystal structure (Akey et al. 2014) under PDB code 4O6B. a On the left side, a surface representation (in two different orientations) showing the extended β-ladder in green, the β-roll in blue, the wing in orange, and the connector region in violet. On the right side, the three structural domains are shown individually (highlighted) while keeping the rest of the protein in transparent gray representation. b The surface is colored by chain (chain A in dark green and chain B in mauve), revealing the interface between the two monomers. c A cartoon representation of the β-ladder domain showing the extended β sheet formed by the head-to-head orientation between the two monomers. The mutation site is also depicted in a black surface representation of the protein where these major structural changes took place, we superposed the final structures of the two simulations using least-squares fitting based on all backbone atoms (Fig. 2b) . A visual inspection of the final structure clearly suggested that the most affected regions are the ones responsible for the monomer-monomer contact upon dimerization (interface region) with almost no disturbance of the regions away from the interface. Note that the effect of the mutation is more pronounced on the a priori more rigid β-sheet structure, in particular the β1 strand, compared to the more flexible loop region comprising the so called "spaghetti loop" located beneath the β-sheet. The root-mean-square fluctuations (RMSF) were calculated on a per-residue basis for each system considering the last 50 Fig. 2 General structural features of WT and P250L β-ladder domains of NS1 on the course of the 100-ns molecular dynamics simulations. a The backbone root-mean-square deviations (RMSD) with respect to the crystal structure (Akey et al. 2014) . b The superposed final structures (WT in green, P250L in red) after least-squares fitting based on all backbone atoms. c, d The difference in root-mean-square fluctuations (RMSF) between WT and P250L averaged over the last 50 ns of the simulations, along with the cartoon representation of the extended β-sheet region highlighting the most affected residues. Residues with major changes in RMSF are shown in blue (to a lesser extent) and in red (to a higher extent). The mutation site (P250L substitution) is represented in black ns of the simulation trajectories and based on the backbone atoms after least-squares fitting to the average structures. The relative differences between the RMSF of the two systems (RMSF WT −RMSF P250L ) are displayed in Fig. 2c and d, where positive and negative values indicate loss and gain of mobility, respectively, upon mutation. At this point, we gathered a number of places of evidence that the single point mutation P250L can lead to significant conformational changes in the interface region.
Our next step consisted of investigating how these conformational alterations might structurally impair the NS1 dimer formation. A visual inspection of the WT β-ladder crystal structure revealed the amino acids that interact with their counterpart chain to provide a stable dimer. Residues A186 and I188, present in the β1-strand, expose donor and acceptor atoms towards the interface in order to form hydrogen bonds that could critically contribute to the headto-head intermonomer interactions (Fig. 3a) . As a consequence of the β1-strand conformational change, residues A186 and I188 have lost their optimal orientation to establish inter-chain hydrogen bonds (Fig. 3b) . Regardless of the importance of additional intermolecular interactions that stabilize the NS1 dimer, such as other hydrogen bonds and hydrophobic interactions located in the β-roll domain, the head-to-head engagement between the β-ladder monomers may represent the major component contributing to dimer stability. The expression of WNV or DENV-1 NS1 β-ladder monomers (C-terminal 172−352 region) alone are enough to produce stable head-to-head dimers, as detected in the crystal lattice and in solution (Edeling et al. 2014 ). Therefore, in agreement with previous experimental reports (Hall et al. 1999; Clark et al. 2007 ), the P250L mutation-induced distortions of the β1-strand within the mutated monomer would in fact be a possible explanation for the inhibition of NS1 dimer formation.
After showing the consequences of P250L mutation on the structure of NS1, mainly displacing the β1-strand and impairing important monomer-monomer contacts, the question that arises is how a single mutation of a residue that is not at the interface is producing such a dramatic effect. After analyzing the simulation trajectories in terms of the distances between the mutation site and residues A186 and I188 (Fig. S1 ), we observed that this process occurred in a relatively short time scale (within the first 7-8 ns). By visually inspecting the trajectory frames and by monitoring several distances between residues around the mutation site (Fig. S2 ), we were able to identify the events preceding the complete distortion. Very early (∼27 ps) in the trajectory of the mutated NS1, we found that the presence of L250 induced a conformational change of H195, significantly displacing it from its original position, a trigger that has been already speculated previously (Edeling et al. 2014) . The side chain of the mutated residue, probably by means of a steric effect, pushed away the imidazole ring of H195 Fig. 3 a The interface region between the two NS1 β-ladder monomers as extracted from the DENV2 NS1 crystal structure (PDB code: 4O6B) (Akey et al. 2014 ) is shown in a cartoon representation (hydrogen atoms were added to improve visualization). Residues A186 and I188 are shown in ball-and-stick representation and the four complementary hydrogen bonds between the two β1-strands are represented by dashed lines. b Least-squares-fitting superposition based on all backbone atoms of the final structures (WT and P250L) after the 100-ns molecular dynamics simulations. A large conformational change involving the β1-strand of the mutant with respect to the WT is apparent, resulting in major orientational changes of the carbonyl groups of residues A186 and I188 moving it towards the H254 residue. This fact, in turn, may have led to a transient conformational instability of the side chain of the neighboring H254, promoting a displacement of residue W232 away from the interface (∼360 ps) and making room for W210 to partially occupy the space previously filled by W232 (Fig. 4) . These early stages of the mechanism produced a state in which W232 became fully exposed to the solvent and W210 tended to enter deeper inside the cavity left by W232. From this moment on, W210 assumed a conformation in which its large side chain was almost orthogonal to the W232 side chain and tended to push the β1-strand upwards. This lasted for 7-8 ns and was followed by the previously described distortion of the β1 strand. Therefore, we hypothesize that this upward pressure exerted by W210 on the β1-strand, which is only possible after the displacement of W232, is the main effect that promoted this distortion.
Based on the above observations, we carried out several additional 50-ns MD simulations in order to verify the role of residues H195, H254, W210, and W232. Below we enumerate several hypotheses followed by our observations and conclusions from the analysis of these simulations:
1. If the altered conformation of the imidazole ring of H195 upon P250L mutation somehow disturbed the conformation of H254, a mutation of H195 by a small and less interacting residue such as Ala, would suppress the whole process of conformational change. In order to check this hypothesis, we simulated the double mutant P250L-H195A. As expected, this double mutant did not evidence any sign of β1-strand distortion, indicating that H195A suppresses the effect of P250L (Fig. S3 , panels A and B). 2. If the instability of H254 was somehow related to the conformational change that exposed residue W232 to the solvent, a mutation of H254 to Ala would suppress the effect of P250L. Therefore, we simulated the double mutant P250L-H254A. Analogously to the case above, this double mutant also did not evidence any sign of β1-strand distortion, indicating that H254A also suppresses the effect of P250L (Fig. S3 , panels A and C). 3. If the role of W232 upon the P250L mutation was to move away from the interface towards the solvent, liberating space so that W210 is able to enter and push the Fig. 4 A representation of the early stages of the proposed mechanism for the β1-strand displacement induced by the P250L mutation. The P250L (red) and WT (green; for comparison purposes) NS1 β-ladder monomers are shown as superposed structures after leastsquares fitting based on all backbone atoms. a The initial structures (after thermalization) suggest the pushing effect of the more bulky L250 residue on the side chain of H195. b The structures after 360 ps of molecular dynamics simulations. The numbers within circles represent the time evolution of the conformational changes. The first event starts just after thermalization and is completed around 27 ps. It corresponds to the side-chain displacement of H195 caused by L250. As a consequence, the side chain of H254 undergoes a conformational change, probably due to a steric effect (step 2). The perturbation on residue H254 probably induces the displacement of W232, exposing it to the solvent (step 3). As a final step, W210 partially occupies the hydrophobic pocket previously filled by W232, pushing the β1-strand upwards β1 strand upwards, then a mutation of W232 to a small residue such as Ala would be enough to promote the same effect as P250L. In order to check this hypothesis, we constructed the mutant W232A without mutating P250. The effect was exactly what we expected. With Ala at position 232, W210 rapidly entered the space and assumed the same position as in the simulation of P250L (Fig. S3 , panels D and E). After ∼11 ns, it promoted the distortion of the β1 strand. This result strongly supports our mechanistic proposal and suggests a second mutation that could independently impair NS1 dimerization. 4. Finally, if the mutation P250L culminated with W210 occupying the space of W232 and pushed the β1-strand upwards, then the double mutant P250L-W210A would not result in the β1-strand distortion. The simulation of this double mutant was also carried out, showing that W210A mutation also suppresses the effect of P250L (Fig. S3 , panels D and F).
The primary sequences of the β-ladder domains of different flaviviruses presenting epidemiological interest were aligned to verify the conservation level of these particular residues (H195, H254, W232, and W210). In line with our results, the amino acids that apparently orchestrate the mechanism that disrupts the conformation of the β1-strand as a result of the P250L substitution were found to be highly conserved (Fig. S4 ). This fact supports the robustness of the proposed mechanism and also suggests that it may occur among other flaviviruses. An interesting feature of the flavivirus NS1 arises from its physico-chemical nature. Because of hydrophilic and hydrophobic regions over the NS1 surface, an assumed peculiarity of this protein when interacting with biological membranes is its orientation. It is postulated that the β -roll domain would function as a "hydrophobic protrusion" to attach NS1 to lipid membranes (Akey et al. 2014) . As a direct consequence, this would orientate the other face (the "spaghetti loop" region) towards the extracellular space, exposing this area for immune recognition (Akey et al. 2015) . We suggest that the inhibition of NS1 dimerization would affect its membrane-binding capacity due to the disruption of the "hydrophobic protrusion" composed by monomer-complementary regions of the β-roll domains.
Anti-flavivirus measures have become increasingly needed since classical flavivirus diseases, e.g., dengue and West Nile fevers, are still in need of specific measures for their mass prevention (Ishikawa et al. 2014 ) amongst humans. Apart from this, another emerging disease caused by a member of the flaviviruses, Zika virus, is a growing threat in tropical and sub-tropical countries (Cardoso et al. 2015; Campos et al. 2015) , reinforcing even more the necessity of developing such countermeasures. Historically, anti-measles, anti-mumps, and anti-rubella are successful examples of live-attenuated vaccines, however, an important drawback regarding their production is the lack of a rational strategy for attenuation (Minor 2015; Vignuzzi and Wendt 2008) . The mechanism for the effects of the P250L substitution proposed here suggests how a single amino acid change in a specific flavivirus protein may act preventing its dimerization. Knowing that NS1-dimer integrity is important for flavivirus virulence, we envision chemically driven or site-directed mutagenesis as interesting tools for vaccine development. Besides the P250L mutation, we found W232A to be another promising alternative to prevent NS1 dimerization considering that the simulation results show similar conformational changes in the dimer interface. Given the risk of attenuated viruses to revert to the wild-type pathogenic form (Minor 2015) , the presence of both mutations could be highly advantageous to provide an extra layer of vaccine safety to guard against reversion. Such knowledge of potential mutations that result in virus debilitation would involve a less empirical and a more rational practice in the development of a live-attenuated vaccine.
Computational details Simulated systems
The systems considered in the present study are the wildtype and mutated monomers of the NS1 β-ladder 179−349 domain of the DENV2 serotype. The initial coordinates corresponding to the wild-type structure were extracted from the chain A of the previously determined crystal structure deposited under PDB code 4O6B (Akey et al. 2014) . Only residues 179 to 349 composed the core model and the glycosylation at position 207 was not considered. The missing atoms were added using the Swiss PDB Viewer (SPDBV) program (Guex and Peitsch 1997) . This structure served as basis for the construction of the mutant models P250L, P250L-H195A, P250L-H254A, P250L-W210A, and W232A. The mutations were performed using the SPDBV program.
Simulation protocol
The MD simulations were performed using the Gromacs simulation package (Berendsen et al. 1995; Hess et al. 2008) together with the AMBER ff99SB-ILDN force field (Lindorff-Larsen et al. 2010) and the TIP3P water model (Jorgensen et al. 1983 ). The hydrogen atoms were added according to a neutral pH condition. The simulations were carried out under periodic boundary conditions based on rectangular boxes. Newton's equations of motion were 1 3 integrated using the leapfrog scheme (Hockney 1970 ) with a time step of 2 fs. All bonds involving hydrogen atoms were constrained using the LINCS procedure (Hess et al. 1997) . A cutoff distance of 10 Å was used for the truncation of the Lennard-Jones interaction and the shortrange electrostatic interactions. The smooth particle mesh Ewald (SPME) method (Essmann et al. 1995) was used with a 32 × 32 × 32 grid and a fourth-order interpolation scheme to compute the long-range electrostatic interactions. The pairlists were generated and updated according to the Verlet scheme (Páll and Hess 2013) . The center of mass motion was removed every 100 ps. The systems were energy minimized with 5000 steps of the Steepestdescent algorithm and subsequently equilibrated. The equilibration was performed using positional restraints on the protein atoms and lasted 300 ps. The simulations were performed in the NPT ensemble (constant number of particles N, pressure P, and temperature T) with a reference pressure P of 1 bar and reference temperature T of 310 K. The temperature was maintained by a velocity-rescaling algorithm (Bussi et al. 2007 ) with the protein and solvent degrees of freedom separately coupled to a temperature bath at temperature T, with a coupling constant of 0.1 ps. Aside from the equilibration that was performed using a Berendsen thermostat (Berendsen et al. 1984 ) with compressibility of 4.5 10 −5 bar −1 and relaxation time of 2 ps, the pressure was maintained close to the reference pressure P by isotropic coupling using the Parrinello-Rahman algorithm (Parrinello and Rahman 1980) . The production runs had a duration of 100 ns for systems WT and P250L and 50 ns for systems P250L-H195A, P250L-H254A, P250L-W210A, and W232A (Table 1 ). The equilibration steps were not considered for analysis and are not represented in the time series. The different columns report the simulated system (system), the number of protein atoms (N prot ), the number of water molecules (M wat ), the number of Na + ions (N Na +), the total number of atoms (N total ) and the simulation length (duration) 
